Sample Preparation for NMR. HAfp23 was expressed and purified as previously described. 1 Samples of 0.2-0.4 mM 2 H, 13 C, 15 N-labeled HAfp23 (GLFGAIAGFI EGGWTGMIDG WYGSGKKKKD) were prepared in 2 H-Tris buffer (Cambridge Isotopes) at pH 7.3 and 7% D 2 O (Cambridge Isotopes). Underlined residues correspond to the host-peptide, 2 used to facilitate purification. Bicelles were prepared by first dissolving 1,2-di-O-hexyl-sn-glycero-3-phosphatidylcholine (DOHPC; Avanti lipids) in buffer, then adding 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Avanti lipids) powder to achieve the desired q-ratio (q=[DMPC]/[DMPC]). The q-ratio of the two components was verified from the integrated intensities of the DMPC and DOHPC methyl signals and from the 31 P integrated intensities in fully relaxed one-pulse experiments that included 1 H-decoupling. Bicelle samples were prepared with a total wt% ranging from 7.1% to 9.8%. The final pH values of samples used for collecting the relaxation data were pH 7.3 (DPC datasets), pH 7.1 and 7.4 (q=029, 600 MHz and 900 MHz, respectively), pH 7.2 (q=0.52), pH 6.5 (q=0.55) and pH 7.1 (q=0.69).
All experiments were conducted at 305 K.
The 15 N relaxation data were collected with R 1 , R 2 Heteronuclear Single-Quantum Correlation (HSQC) experiments with either Rance-Kay detection 4 (q=0.29, q=0.52 and q=0.55) or Transverse-Relaxation Optimized Spectroscopy (TROSY) detection (q=0.69). 5 R 2 rates were measured with a T 1ρ measurement scheme, using an 15 N spin lock field of 1.8 kHz (600 MHz) or 2.0 kHz (900 MHz) and a magnetization-alignment pulse scheme prior to the 15 N spin lock period. 6 Spin-lock durations varied between 5 and 95 ms, and T 1 delays varied between 0.1 and 1.8 s. A 3-second recycle delay was used for R 1 and R 2 experiments. In the R 1 experiment, the effect of cross-correlated relaxation was removed by application of band-selective IBURP2 pulses 7 during the longitudinal delay, using special care to ensure that the H 2 O magnetization remained in a fully relaxed state for all durations of the relaxation delay. In the R 2 experiment, the effect of crosscorrelated relaxation was removed by inverting the amide 1 H magnetization midway in the spin-lock period; this was achieved using a composite (90 x -180 y -90 x ) pulse immediately followed by a single-lobe sinc flip-back pulse on H 2 O to return its magnetization to a relaxed state. 5 A variable-duration 15 N temperature compensation pulse was applied to ensure a constant 15 N power duty cycle during the entire measurement. 8 The 15 N-{ 1 H} NOE experiment 4 was collected with gradient-enhanced S 4 coherence selection, 9 and the NOE spectra with and without 1 H saturation were acquired in interleaved mode: the saturation experiment had a 1s delay period before a 4.5s 1 H saturation period using a train of 160 o pulses, spaced by 50 ms, and the NONOE reference experiment had a 5.5 s delay period before the start of the pulse sequence. 31 P relaxation. An independent measurement of the overall tumbling rate of the bicelles was made on the basis of the DMPC 31 P relaxation rates. By measuring 31 P transverse relaxation rates, R 2 , at two magnetic fields, 'a' and 'b', the bicelle τ R can be readily determined from the difference in R 2 and R 1 , provided that the magnitude of the 31 P chemical shift anisotropy (CSA), <Δσ P >, is known: 10
where c 2 (x) =(2/15) γ P 2 H o,x 2 <Δσ P > 2 , γ P is the 31 P gyromagnetic ratio, and H o,x is the magnetic field strength for measurement 'x'. Eq S1 isolates τ R directly from the zero frequency spectral density term, J(0), for a known value of <Δσ P >. For analysis, the standard <Δσ P > = -45 ppm was used for the L α phase of DMPC. 31 P relaxation data were collected on 500 MHz Avance III and 600 MHz DMX Bruker spectrometers. Both the 500 MHz and 600 MHz spectrometers were equipped with a QXI 1 H-31 P/ 13 C-2 H probe, incl. three-axis gradient coils. The 31 P R 1 relaxation rate was measured with a standard phase inversion scheme. 11 The 31 P R 2 relaxation rate was derived from an on-resonance R 1r experiment, using a 1.0 kHz spin-lock field. A variable-duration 31 P temperature compensation pulse was applied to ensure a constant 31 P power duty cycle during the entire measurement. 8 Spin-lock durations ranged from 5
to 200 ms, and T 1 delays varied between 0.1 and 1.5 s. Recycle delays of 5 s were used. 31 P data and τ R values derived using eq S1 are presented in Table S5 .
Data Analysis. Spectra were processed and analyzed with NMRPipe 12 and Sparky. 13 The 15 N R 2 rates were obtained from the measured R 1ρ and R 1 rates using the relation R 2 = (R 1ρ -R 1 cos 2 θ)/sin 2 θ where θ is the angle of the spin lock field, θ = arctan(ν 1 /Ω), and ν 1 is the magnitude of the applied RF field and Ω is the chemical shift offset, both in Hz. 14 
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Non-linear least-squares fitting of the relaxation data was conducted with MINUIT 15 using a python wrapper. Data modeling, carried out both with the standard Lipari-Szabo formalism 16 and with the extended model-free formalism 17 , were used to optimize agreement between predicted and experimental relaxation rates by adjusting the isotropic overall rotational diffusion rate of all phospholipid-HAfp23 complexes, and the internal dynamic parameters which are shared between all micelle and bicelle datasets; these include the residue-specific fast internal motion parameters, τ f (or τ i ) and S 2 f (or S 2 ), and additionally in the extended Lipari-Szabo analysis, τ s and S 2 s . These latter were optimized together for residues 3-12 and 14-22 (model B), or individually for residues 13 and 23 (model A; see main text). and τ R5 = [40, 90 ns] for DPC and the q=0.29, q=0.52, q=0.55 and q=0.69 bicelles, respectively. All grid searches were conducted in 10 steps over each of the specified windows, other than for the order parameters, which were mapped in 5 steps. Each such search was followed by a local minimization using the MIGRAD algorithm, and the global minimum was selected from the local minimum that produced the lowest χ 2 .
Experimental errors were estimated from the fit of the data to an exponential relaxation decay curve, and for the heteronuclear NOE experiment from the uncertainty in the relative intensities, with a minimum threshold error of 3% used for all data. Reported errors in the best-fit parameters represent the one standard-deviation confidence region in the χ 2 -surface. no experimental determination of diffusion anisotropy of HAfp23 is feasible. However, the maximum deviation of the motional correlation time for any given vector from the effective rotational correlation time, given by 1/(4 D ┴ +2D // ), is only 7.7%. The approximately parallel orientation of N-H vectors for residues 3-12 and 14-23 makes the issue of diffusion anisotropy irrelevant for these amides, but could possibly have a small impact on the motional parameters for G13, whose orientation relative to the bilayer normal has greater uncertainty. If G13 were assigned a global rotational correlation time 7% longer than the value best-fitted for the other residues, this decreases its best-fitted S 2 s by 0.02 and increases its τ s by 0.1 ns, which is within the reported error. 35.9 ± 0.6 ns (q=0.69). The F3-E11 and G13-Y22 S 2 values are greater than ~0.9 for DPC and q=0.29 bicelles, and between 0.6 and 0.9 for the larger bicelle sizes (Table S2 ). 
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